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A B S T R A C T
In this paper, a transient Finite Element (FE) method has been employed to solve the transport equa-
tions to investigate the heat transfer and ﬂuid ﬂow and the effect of thermodiffusion on vertical solidiﬁcation
of a binary molten metal alloy, forming a rod. The binary system considered in this study is Sn—Bi com-
posed of 65% Sn and 35% Bi subjected to bottom cooling. It is found that the ﬂow of molten metal at the
boundary of the mushy region plays an important role in the shape and geometry of the zone. The pres-
ence of thermodiffusion shows considerable difference in the composition of the solidiﬁed rod, compared
with the one without considering the effect of thermodiffusion. Thermodiffusion also causes a faster so-
lidiﬁcation and a more uniform concentration distribution. The results of this study may be extended to
similar binary and multicomponent systems in which a temperature gradient exists and the Soret co-
eﬃcient is large enough so as to affect the ﬂuid ﬂow and concentration of the species.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Solidiﬁcation process plays an important role in metallurgy as it
determines the physical and mechanical properties of the solidiﬁed
parts. Solidiﬁcation is present in several industrial processes, such
as casting, welding, crystal growth, metallurgy, energy conserva-
tion, refrigeration, and polymer crystallization. In most industrial
processes,materials solidifywithin a temperature interval, where they
experience a phase transition. The solidiﬁcation process starts from
heating the solid precursor to achieve a complete phase change, then
it undergoes a partial solidiﬁcation, in a liquid–solid two phase region,
which is called the mushy zone, and ends after complete solidiﬁca-
tion. The ﬂuid ﬂow in the mushy zone strongly affects the formation
of crystal micro-structures in the ﬁnal solidiﬁed components.
In the past, experimental and numerical studies have been carried
out on solidiﬁcation of metals, semiconductors, etc. Some numer-
ical models have been developed to account for the ﬂuid ﬂow and
heat transfer, as well as solidiﬁcation kinetics, e.g. see Reference 1.
The front part of the solidiﬁcation growth zone (mushy zone) is more
important for research purposes than other zones. However, the
knowledge about the ﬂuid ﬂow and its effects on the develop-
ment of the mushy zone is quite limited. Some studies have
considered bottom-cooled vertical solidiﬁcation, experimentally and
theoretically, some of which concerning the ﬂuid ﬂow are re-
viewed here. Tewari and Shah [2] have investigated the effect of the
growth rate on the evolution of macro-segregation in Pb—Sn alloys.
Directional solidiﬁcation was carried out by lifting and lowering the
furnace past a stationary crucible, wherein convection occurred due
to solute build up ahead of a growing solid-liquid interface in Pb-
Sn alloys. In another study, Felicelli et al. [3] conductedmathematical
simulation of convection and segregation for the case of vertical so-
lidiﬁcation of Pb-Sn alloys using a volume-averaged, single-
domain model. Sazarin and Hellawell [4] conducted experiments
on Pb-Sn alloys, where the details of experimental procedure, data
and analyses have been presented by Singh et al. [5]. They sug-
gested that one of the central features of themathematical modeling
of convection is the representation of the mushy region. Both iso-
tropic and anisotropic models of permeability have been used. It
is important to note that experimental data on permeability are
limited to the middle portion of the mushy region.
Kawaguchi et al. [6] simulated the growth of Cd—Zn—Te crys-
tals by the vertical gradient freezing (VGF) method from a non-
dilute melt. It was found that the zinc segregation is dependent on
the convective ﬂows. In a similar study, Okano et al. [7] studied
crystal growth of In—P by the liquid encapsulated VGF method. The
directional solidiﬁcation of molten In—Sb in a silica ampoule was
studied, where different thermal conditions were considered to sim-
ulate temperature and velocity distributions [8]. Celentano et al. [9]
performed a comparative assessment of the ﬁnite volume and ﬁnite
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element methods in problems involving natural convection. They
evaluated the thermally induced ﬂuid ﬂow patterns, the modiﬁed
temperature ﬁeld, and the heat transfer conditions. Rady and
Mohanty [10] applied an enthalpy-porosity ﬁxed-grid method to
the melting and solidiﬁcation of pure metals in a rectangular cavity.
They found that during solidiﬁcation, recirculation cells vanish with
time. The cell near the interface affects the local solidiﬁcation rate
at the cavity top.
Voller and Prakash [11] and Voller et al. [12] developed an en-
thalpy formulation based ﬁxed grid methodology for the numerical
solution of convection–diffusion in the mushy zone using an alter-
native approach to that used by Gartling [13]. Considering the effect
of other external forces, Eckert et al. [14] studied directional solid-
iﬁcation in cylindrical samples of Sn—Pb exposed to a rotating
magnetic ﬁeld (RMF), where the direct impact of the local ﬂow struc-
ture on the formation of the mushy zone was demonstrated. Also,
several other investigations reveal a signiﬁcant impact by convec-
tion occurring in the liquid phase on the kinetics of the solidiﬁcation
process, as well as on the resulting macro- and micro-structures.
For instance, Wu et al. [15] addressed the importance of consider-
ing the melt ﬂow, laminar and turbulent, in the mushy zone, where
the ﬂow patterns in and near the mushy zone were found to play
an important role in the formation of the mushy zone.
In a study, Nikrityuk et al. [16] studied the inﬂuence of an ex-
ternal magnetic ﬁeld on the solidiﬁcation processes of two
component materials in a cylindrical mould with adiabatic walls and
cooled bottom. The magnetic ﬁeld was found to provoke a convex
shape in the mushy zone front. It has been found that the motion
of the melt depends on the particular type of the magnetic ﬁeld
applied to the molten metal alloy, e.g. see References 17,18. Nu-
merical simulation of complex multiphase ﬂow systems, such as the
solidiﬁcation of systems with a free surface, such as molten drop-
lets, have been carried out as well, using the level set or volume
of ﬂuid methods, e.g. see Reference 19. There are other works that
consider the transport phenomena, instability and other related ﬂow
characteristics of solidiﬁcation, e.g. see References 20–25. The
mixture solidiﬁcation model, used for the current study, has been
veriﬁed theoretically and experimentally, e.g. see References 26–28,
where the evolution of the solid shell thickness of a continuous cast
steel slab was numerically predicted and was compared with the
experimental data on the breakout shell.
In solidiﬁcation processes, since the liquid temperature gradi-
ents are often high, thermodiffusion is not necessarily negligible.
Thermodiffusion, also in molten metals and semiconductors called
thermomigration, is the mass diffusion of a component with respect
to others in a multicomponent ﬂuid, induced by a temperature gra-
dient in themixture [29–31]. Thermodiffusion is amechanism, beside
regular diffusion, that is caused by a concentration gradient. The dif-
fusion ﬂuxes determine the solute gradients in the liquid at a given
growth rate. In some cases, thermodiffusion may have a consider-
able or signiﬁcant inﬂuence on the composition of the liquid and
the ﬁnal solidiﬁed product. For dilute solutions, the mass ﬂux is pro-
portional to the concentration and temperature gradients as follows
[32]:

J D C D C Tm T= − ∇ − +( )Δβ β0 1 (1)
Generally, the diffusion coeﬃcient is not independent of tem-
perature. As the ﬁrst approximation, it may be written as the
following linear form [33]:
D T D
D
T
T Tm
m
m( ) = + ∂∂ −( )0 (2)
Mathematical models and numerical procedures to study so-
lidiﬁcation processes have been improved over the past years. Here
in our solidiﬁcation model, the thermodiffusion and temperature
dependent diffusion are considered, where the domain is sub-
jected to cooling from below. At present, in spite of the extended
history of study of solidiﬁcation, many aspects of the physics of this
phenomenon remain unclear. The ﬂuid ﬂow in the mushy region
is driven by ﬂow in the bulk liquid, which considering all driving
forces is crucial for obtaining realistic simulations results. In this
paper, we study the solidiﬁcation of a model binary alloy, Sn—Bi,
in a cavity by solving the heat transfer, the ﬂuid ﬂow and the species
equations using the ﬁnite element (FE) method in the presence of
thermodiffusion or thermomigration effect, where the ﬂow pat-
terns and unprecedented details and results on the effect of
thermodiffusion on solidiﬁcation of binary molten metals are pre-
sented and elucidated.
2. Governing equations
To obtain accurate results, the mathematical model must include
heat transfer, phase change, momentum, continuity andmass trans-
port equations. Also, variations of physical properties with
temperature and the thermodiffusion effect must be considered. In
the present study, axisymmetric geometry is adopted to simulate
formation of a cylindrical rod. The governing equations of mixture
given by Eqs. (3) through (15) are used to model the mushy zone
(Fig. 1). This mixture combines liquid and solid that are quantiﬁed
by their volume fractions, fl and fs, respectively. The liquid molten
metal changes from a pure liquid to complete solid. Solidiﬁcation
occurs in front of the cold zone such that the solid phase becomes
immobile as it sticks to the cold surface. The geometrical model is
a cylindrical cavity containing 35% Bi and 65% Sn. Our model for
the vertical solidiﬁcation accounts for the solidiﬁcation of the liquid
phase, including convection and conduction heat transfer within
the mushy region. The continuum model has been adopted for
J1=0
u=v=0
∂c/∂ n=0
Thot
J1=0
u=v=0
∂c/∂ n=0
Tcold
J1=0
u=v=0
∂c/∂ n=0
J1=0
u=v=0
∂c/∂ n=0
Sn-Bi
Solid
Liquid
Mushy
Fig. 1. Schematic diagram of the computational domain and boundary conditions.
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simulating the solidiﬁcation of the binary alloy under the follow-
ing assumptions: All of the properties of the liquid alloy can be
obtained from the properties of components of each phase; the
density is constant in each phase but the densities of two phases
are different; the mushy zone is modeled assuming an isotropic per-
meability approach, and the ﬂow in the mushy zone is governed
by the Darcy’s law; the phases are in local thermodynamic equi-
librium for which the phase diagram is used; the buoyancy force
is modeled employing the Boussinesq approximation; and the ﬂow
of the liquid phase is assumed laminar.
The heat transport is described by the following transient energy
equation in the cylindrical coordinate system, containing convec-
tion and diffusion terms:
∂
∂ ( ) +
∂
∂ ( ) +
∂
∂ ( ) =
∂
∂
∂
∂
⎛
⎝⎜
⎞
⎠⎟ +
∂
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t
c T
r r
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z
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r z
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⎞
⎠⎟ (3)
The heat capacity in the mushy zone is obtained as follows [34]:
c Heav T T T Lp m= − −( ) +175 3 2. ; Δ δ (4)
where the last term is taken into account for the release of the latent
heat of fusion L, and δ is a Gaussian curve given by the following
equation [34]:
δ
π
=
−
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The function Heav x x xm−( ); Δ appearing in Eq. (4) is a smooth
Heaviside step function deﬁned as follows [34]:
Heav x x x tanh
x x
x
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such that Δx is the transition width between 0 and 1, and xm is in
the middle of this interval. The same form of the Heaviside func-
tion is used when the temperature dependence of the density and
thermal conductivity is taken into account.
The ﬂuid ﬂow in the domain is solved using the Navier–Stokes
equations written as follows.
The r-momentum equation:
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The z-momentum equation:
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where in the above equations, Rr and Rz are Darcian resistance terms,
and Bz denotes the body forces. The Darcian resistance term and
body forces are used in our model to dampen the velocity at the
phase-change interface so that it becomes the velocity of the so-
lidiﬁed phase after transition. The above-mentioned governing
equations are in the general form for the numerical solution of heat
and ﬂuid ﬂow problems including transient terms, a diffusive term,
a convective term plus source terms. In this form, the problem is
driven by the deﬁnition of the source terms. The Rr and Rz source
terms are used to modify the momentum equations in the mushy
region. These Darcy sources are used tomodel the effect of the nature
of the porosity of the mushy zone on the ﬂow ﬁeld. It is assumed
that the ﬂow in the mushy zone is governed by the Darcy law [11]:
u
k
grad P= −⎛⎝⎜
⎞
⎠⎟μ (9)
where k, the permeability is a function of the porosity. As the po-
rosity decreases, the permeability and the superﬁcial velocity
decrease, down to a limiting value of zero when the mushy zone
becomes completely solidiﬁed. In a numerical model, this behav-
ior can be accounted for by deﬁning sources as follows [11]:
R Av R Awr z= − = −and (10)
where A increases from zero to a large value, as the local solid frac-
tion fs increases from its liquid value of 0 to its solid value of 1. In
the liquid region, the sources take a zero value and the momen-
tum equations are in terms of the actual ﬂuid velocities. In themushy
region, the value of A increases such that the value of the sources
begin to dominate the transient, convective, and diffusive terms, and
the momentum equation approximates the Darcy law. As the local
solid fraction approaches 1, the sources dominate all other terms
in the momentum equation. This, in turn, forces the predicted su-
perﬁcial velocities to reach the values close to zero. For a mushy
region phase change, where a porous region exists, one can ﬁnd the
function A, using a well-known equation derived from the Darcy
law, i.e., the Carman–Koseny equation [35]:
A Z
f
f
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l
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1 2
3 ε
(11)
where fl is the volume fraction of the liquid phase, A and ε are ar-
bitrary constants (A should be large and ε small to produce a proper
damping), respectively. The fraction of the liquid phase, fl, is given
by the following equation [11,34]:
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The above equation for liquid fraction (Eq. 12) in the mushy zone
is obtained as a linear approximation against the temperature dis-
tribution. The value of Z in Eq. (11) depends on the morphology of
the porous medium. In the current study, Z is assumed constant and
equal to 1 6 103. × . The constant ε is set to 0.001 and it is intro-
duced to avoid division by zero. Note that ε in Eq. (11) is not the
porosity, rather is an arbitrary number used for numerical stabil-
ity of the ﬁnite element (FE) solution. The chosen value of Z is small
enough to allow for a signiﬁcant ﬂow in the mushy region at low
local solid fractions, whereas the limiting value of A i.e., −
Z
q
, is large
enough to suppress the ﬂuid velocities in the solid. This will have
the effect of reducing the ﬂow in the mushy region at full solidiﬁ-
cation. Using the Boussinesq approximation, the body force in
z-momentum equation is expressed as follows:
B g T T C Cz z T ref C ref= − −( ) − −( )[ ]ρ β β0 1 (13)
Other equations used in the solidiﬁcation simulations are given
as follows.
Continuity equation:
1
0
r r
ur
z
v
∂
∂ ( ) +
∂
∂ ( ) =ρ ρ (14)
Mass transport or concentration equation:
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where DT in Eq. (15) is the thermodiffusion coeﬃcient, represent-
ing the thermodiffusion effect, the focus of this work. As the melt
cools down in the cavity it solidiﬁes, and the phase change re-
leases latent heat. Furthermore, for metal alloys, the transition is
often spread out over a temperature range. The model also in-
cludes the mushy zone, a mixture of solid and molten material that
occurs due to the rather broad transition temperature of the alloy
and the solidiﬁcation kinetics.
The coupled governing equations are solved using the commer-
cial software COMSOL, which employs the ﬁnite element (FE)
numerical method. The computational domain is a cylindrical cavity
with 100mm in height and 25mm in radius, which contains Sn—Bi
moltenmixture, which solidiﬁes due to bottom-cooling. Fig. 1 depicts
the geometry of the cylindrical cavity ﬁlled with the binary molten
metal. The boundary conditions are as follows: the top of the cavity
is considered as a hot surface, the bottom is the cooled surface, and
the vertical walls are adiabatic. The radial heat transfer at the outer
surface of the cylinder is assumed to be zero. At all boundaries, the
mass ﬂux is zero. Along the line of symmetry, the gradients of ve-
locities are zero. The numerical values for the properties of Sn—Bi
mixture used in simulation are taken from Eslamian et al. [36] and
are listed in Table 1.
3. Results and discussion
In general, the results of the numerical simulations can be sen-
sitive to the mesh size. A series of simulations with identical
boundary conditions were performed to study the mesh sensitiv-
ity and to determine the optimal mesh size. After a series of
reﬁnements, a mesh with 4556 elements and 2356 nodes was ren-
dered insensitive to further reﬁnement. In addition, the mesh at the
boundaries was further reﬁned to achieve a greater accuracy and
to capture temperature and velocity variations.
To validate the simulations, results of a previously solved problem
were reproduced using identical materials, boundary conditions and
governing equations as those used by Singh et al. [25]. The results
of this simulation including the composition were identical to the
published results (Fig. 2). It is clear that except the transition area
between the liquid and mushy zones that show a small difference,
the simulation is identical to the published data. Subsequently, the
authors used the current model and applied materials and bound-
ary conditions speciﬁc to the problem of interest and also included
the effect of thermodiffusion into themodel. In the following ﬁgures,
streamlines, temperature distribution, fraction of liquid phase, con-
centration, and time-dependent volume fraction and temperature
are presented and discussed, for cases with and without consider-
ing the thermodiffusion effect. The effect of thermodiffusion appears
in Eq. (15). For the cases without thermodiffusion effect, DT = 0, while
for the cases with the thermodiffusion effect, the value of DT is taken
from Table 1. Figs. 3 to 6 show the calculated proﬁles of various ﬁelds
at 25% solidiﬁcation. This solidiﬁcation was chosen due to the fact
that at 25% solidiﬁcation, the boundaries between the three solid,
mushy and liquid zones are pronounced. As to the overall effect of
thermodiffusion, all proﬁles are qualitatively similar for cases with
and without thermodiffusion effect, with some differences in the
values of the variables. Fig. 3 shows the streamlines. The ﬂow is con-
centrated near the center of the cavity and is in upward direction.
Thus, the strength of convection is practically negligible suﬃ-
ciently away from the center of the mushy region. The temperature
distribution, shown in Fig. 4, is linear for both solid and liquid regions,
but it ﬂuctuates in the mushy zone. The strength of convection is
not suﬃcient to bend the isotherms. It is evidenced that thermo-
diffusion results in heat transfer augmentation in the domain. For
instance, with thermodiffusion, there is a milder temperature gra-
Table 1
The physical properties of Sn—Bi molten alloy at 235 °C [36].
Physical properties Symbols Sn—Bi
Initial Concentration for Bi Ci 0.35
Dynamic Viscosity (g cm−1 s−1) η 16 × 10−3
Density (g cm−3) ρ 8.325
Hot Temp (°C) TH 300
Cold Temp (°C) TC 166
Conductivity (J s−1 cm−1 K−1) K 0.381
Speciﬁc Heat Capacity (J g−1 K−1) Cp 0.1745
Temperature of eutectic reaction (°C) Teutectic 139
Solutal Expansion Βc 48.02 × 10−4
Thermal volume expansion (K−1) βT 1.01 × 10−4
Kinematic Viscosity (cm2 s−1) υ 1.922 × 10−3
Thermal Diffusivity (cm2 s−1) α 0.2622
Characteristic Velocity (cm s−1) uo 0.2622
Eutectic concentration for Sn Ce 0.56
Soret Coeﬃcient (K−1) ST 0.248
Melt point of pure solvent (Sn) (°C) Tm 231.9
Thermodiffusion Factor αT 0.141
Diffusion coeﬃcient (m2 s−1) D0 1.89 × 10−9
Thermodiffusion coeﬃcient (m2 s−1 K−1) DT 4.697 × 10−10
0.00
0.20
0.40
0.60
0.80
1.00
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Fig. 2. Comparison of the current simulation results ( ) with literature data ( ) [25]
for composition distribution at 25% solidiﬁcation of Pb-0.35Sn.
Fig. 3. Simulation results for streamlines at 25% solidiﬁcation of Sn—Bi; (a) without
the thermodiffusion effect, and (b) with the thermodiffusion effect.
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dient in the solid zone and close to the bottom plane, which is kept
at a constant temperature of 439 K (Table 1).
Fig. 5 shows the fraction of the liquid phase in the domain and
depicts how it changes from the cold zone to the hot zone. When
the thermodiffusion effect is considered, at a given height, a smaller
fraction of the liquid phase is observed, in line with previous ob-
servations suggesting that thermodiffusion enhances heat transfer.
The average composition variation distribution at the end of the so-
lidiﬁcation process in the vertical direction is shown in Fig. 6. It is
shown that the concentration variation increases with decreasing
the solidiﬁcation growth rate and the mushy region length. The
complex nature of composition variation proﬁle is attributed to
complex thermosolutal convection in the mushy region. In Fig. 6a,
with no thermodiffusion effect, the minimum concentration for Bi
is 34.46%, whereas the maximum is 38.63%. Due to the higher so-
lidiﬁcation force and lower solidiﬁcation time, variation of
composition is less in this case, except near the top of the cavity.
In Fig. 6b, with the thermodiffusion effect, the minimum concen-
tration for Bi is 34.86% whereas the maximum is 37.95%. Variation
of concentration is practically non-existent for the most part of the
solidiﬁed alloy. Both maximum and minimum are located over a
small zone of the channel at the top central part of the cavity. This
ﬁgure also shows the channelling effect, which takes place at the
boundary of the mushy and liquid zones, starting from the center
of the cavity to the sidewalls. The high concentration variation is
shown in the region surrounding the channel at the top central
portion of the cavity. Towards the top of the cavity, there is the onset
of channel formation, which appears to form a combination of local
re-melting zone in the solid–liquid region and causes a dendritic
growth around the re-melted region of higher solute concentra-
tion. The weak ﬂow causes local ﬂuctuation in the composition
patterns. However, large variation of the concentration comes from
the channel formation and the supply of solute to the liquid region.
It may be observed from these results that the variation in con-
centration is directly linked with the top portion of the mushy zone
interacting with the liquid. Distribution and extent of the concen-
tration variation greatly depends on the nature of the convective
ﬂows in the mushy–liquid interface. For vertical solidiﬁcation, the
driving force for ﬂow is small and is concentrated near the mushy–
liquid interface. For the bottom cooling solidiﬁcation, the dendrites
are aligned vertically, and there is a region near the dendritic tip
free of branching, and thus highly permeable. This permits ﬂow in-
stabilities to grow. Such highly permeable region near the mushy
zone seems crucial in changing of the composition during vertical
solidiﬁcation.
Comparison of the average composition variation at the end of
the solidiﬁcation for two cases with and without thermodiffusion
(c.f. Fig. 6) shows that the case with the thermodiffusion effect ex-
hibits minimum variations in concentration.
To gain more insight, the temperature distribution calculated at
50 mm above the cooling zone (in the middle of the computation
domain) is shown in Fig. 7, for two cases with and without ther-
modiffusion. The two proﬁles are generally similar, but have different
solidiﬁcation times. Thermodiffusion acts as a thermal force and
Fig. 4. Simulation results for temperature distribution at 25% solidiﬁcation of Sn—Bi;
(a) without the thermodiffusion effect, and (b) with the thermodiffusion effect.
Fig. 5. Simulation results for liquid fraction at 25% solidiﬁcation of Sn—Bi; (a) without
the thermodiffusion effect, and (b) with the thermodiffusion effect.
0
0.2
0.4
0.6
0.8
1
0.34 0.35 0.36 0.37 0.38 0.39 0.4
H
ei
gh
t (
Z-
di
re
ct
io
n)
Wt. fraction of Bi
Resuls Withouth Thermodifusion 
Results with Thermodiffusion
Fig. 6. Simulation results for composition distribution at 25% solidiﬁcation of Sn—Bi
without the thermodiffusion effect, and with the thermodiffusion effect.
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promotes the cooling of the molten binary metals. This naturally
causes a faster solidiﬁcation process. Since there is redistribution
of solute between the two phases during solidiﬁcation, the tem-
perature of the liquid varies as depicted in Fig. 7. Thermodiffusion
results in approximately 5% decrease in the solidiﬁcation time. Fig. 8
shows the liquid fraction as a function of time for two cases. The
thermodiffusion plays no role until the ﬁrst layer of solid is formed,
at which time, the case with the thermodiffusion effect begins to
solidify faster. In other words, the volume fraction of liquid in the
case with the thermodiffusion effect is smaller compared to the
model without the thermodiffusion effect.
Finally it is noted that in addition to the Sn—Bi system consid-
ered in this study, the analysis may be applied to any binary or other
multicomponent systems for which the physical data of the system,
such as the thermodiffusion coeﬃcient, are available. Obviously, ther-
modiffusion is more profound in systems with a larger Soret
coeﬃcient.
4. Conclusions
The aim of this work was to study the effect of thermodiffusion
on solidiﬁcation of binary molten metal alloys, as well as to
elucidate the heat transfer and ﬂuid ﬂow behaviors of the process.
In particular, numerical simulations were performed to analyze
the behavior of Sn—Bi molten metal alloy, during vertical solidiﬁ-
cation in a 2D-axisymmetric FE model in a cylindrical cavity.
Using the model, the formation of ﬂow ﬁeld and convection and
their effects on temperature distribution, fraction of liquid phase,
and concentration distribution were predicted for two cases of
with and without the thermodiffusion effect. It was shown that
the presence of the thermodiffusion modiﬁes the mass transfer
rate and has a considerable effect on the temperature and velocity
distributions. However, the velocities in both cases are very small.
It was also found that the solid phase fraction in the mushy zone,
as well as its height in the vertical direction increase as a result of
considering the thermodiffusion effect in comparison with the
case without the thermodiffusion effect. In the case of without
the effect of thermodiffusion, there is a higher tendency for
variation in the average composition along the vertical direction.
Thus, neglecting the thermodiffusion effect may introduce errors
in the prediction of the solidiﬁcation process. It is important to
note that since thermodiffusion affects the characteristic of the
ﬂuid ﬂow and heat transfer, it certainly inﬂuences the ﬁnal com-
position of the solidiﬁed product, as well as the solidiﬁcation rate
of any multicomponent system. The importance of thermodiffu-
sion effect depends on the magnitude of the Soret coeﬃcient,
which is a function of the nature and the physical properties of
the system.
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Nomenclature
Dm Diffusion coeﬃcient, cm2 s−1
DT Thermodiffusion coeﬃcient, cm2 s−1 K−1
G Gravitational acceleration, cm s−2
J Thermodiffusion ﬂux, J cm2 mol−1
P Pressure, Pa
K Thermal conductivity, J s−1 cm−1 K−1
Cp Speciﬁc heat capacity, J g−1 K−1
ST
Soret Coefficient =
D
D
T , K−1
T Temperature, K
U Velocity component in the x direction, cm s−1
V Velocity component in the y direction, cm s−1
Tm Melting Temperature, K
∂
∂
D
T Temperature Coeﬃcient, cm2 s−1 K−1
R Radial Coordinate
Z Vertical Coordinate
C Solute Concentration, wt %
Te Eutectic Temperature, K
L Latent Heat, J kg−1
Da Darcy Number
K Permeability, m2
fl Liquid Fraction
fs Solid Fraction
T Time, s
Rr Darcian Resistance Term in r Direction
Rz Darcian Resistance Term in z Direction
Bz Body Force, N m−3
ε Porosity
B Volume Fraction
Cref Reference Solute Concentration
Tref Reference Temperature, K
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Fig. 7. The time dependent temperature at the point z = 50 mm above the bottom
of the cavity for two cases of without and with thermodiffusion.
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α Thermal diffusivity, cm2 s−1
Βc Solutal Expansion, −
βT Thermal volume expansion, K−1
η Dynamic viscosity, g cm−1 s−1
Ν Kinematic viscosity, cm2 s−1
ρo Density of ﬂuid at reference temperature To, g cm−3
Δcj Concentration (mass fraction) difference of component j,
−
ΔT Temperature difference = TH − TC, K
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